Pulmonary arterial hypertension (PaH) is a fatal syndrome resulting from enhanced pulmonary arterial pressure and pulmonary vessel resistance. Perivascular inflammation and extracellular matrix deposition are considered to be the crucial pathophysiologic bases of PaH. Formononetin (FMn), a natural phytoestrogen isolated from red clover (Trifolium pratense), has a variety of proapoptotic, anti-inflammatory and anti-tumor activities. However, the therapeutic effectiveness of FMn for PaH remains unclear. in the present study, 60 mg/kg monocrotaline (McT) was first used to induce PaH in rats, and then all rats were treated with different concentrations of FMn (10, 30 and 60 mg/kg/day). at the end of this study, the hemodynamics and pulmonary vascular morphology of rats were evaluated. Specifically, matrix metalloproteinase (MMP)2, transforming growth factor β1 (TGFβ1) and MMP9 were measured using western blot and immunohistochemical staining. collagen type I, collagen type III, fibronectin, monocyte chemotactic protein-1, tumor necrosis factor-α, interleukin-1β, erK and nF-κB were quantified using western blotting. The results demonstrated that FMN significantly alleviated the changes of hemodynamics and pulmonary vascular morphology, and decreased the McT-induced upregulations of TGFβ1, MMP2 and MMP9 expression levels. Meanwhile, the expression levels of collagen type I, collagen type III and fibronectin in rat lungs decreased after FMn treatment. Furthermore, the phosphorylated erK and nF-κB also decreased after FMn treatment. Taken together, the present study indicated that FMn serves a therapeutic role in the McT-induced PaH in rats via suppressing pulmonary vascular remodeling, which may be partially related to erK and nF-κB signals.
Introduction
Pulmonary arterial hypertension (PaH) is a fatal syndrome characterized by elevated pulmonary arterial resistance, which can cause right ventricular insufficiency with high mortality (1, 2) . Previous studies have indicated that the primary pathogenesis of PaH is pulmonary vascular remodeling, which is associated with excessive migration of smooth muscle cells, oxidative stress, extracellular matrix (ecM) deposition and perivascular inflammation (3) (4) (5) (6) . Particularly, ECM deposition and perivascular inflammation have been demonstrated to exert great influence in the pathogenesis of PaH (4, 6) . Furthermore, multiple reports have demonstrated that certain pathways, including erK and nF-κB, are associated with ECM deposition and inflammation in PAH, providing potential therapeutic targets for PaH (7, 8) .
ecM is a basic component of peripheral connective tissues. it contains numerous structural proteins including collagen, elastin and fibronectin, among which the relative contents of collagen and elastin determine the biological activities of blood vessels and play important roles in cell signaling pathway regulation and intercellular communications (9) (10) (11) . Previous studies have indicated that the ecM proteins can be modulated by matrix metalloproteinases (MMPs), particularly, MMP2 and MMP9 can maintain the stability of ecM (12) (13) (14) . Thus, the integrality of ecM components is critical to normal pulmonary function, knowledge of which contributes to comprehension of the pathogenesis of PaH.
as previously reported, the progression of PaH is closely related to inflammation; lymphocytes and macrophages existing around re-modeled pulmonary vessels, and the inflammatory cytokines in PaH patients increase markedly (15) . a previous study also reported that monocrotaline (McT)-induced PaH in rats is associated with chronic pulmonary inflammation (16) . Therefore, suppressing inflammation may become a valid therapy for PaH.
Formononetin (FMn) is a natural phytoestrogen isolated from red clover (Trifolium pratense) and has various biological functions, including proapoptotic, anti-inflammatory and anti-tumor activities (17) . Previous studies have suggested that FMn can improve various cardiovascular diseases (18, 19) . FMn also exhibits strong inhibitory effects on human prostate cancer cells and nasopharyngeal carcinoma cells (20, 21) . other studies have indicated that reduction of FMn-mediated ECM deposition and suppression of inflammatory responses are related to the inactivation of erK and nF-κB signaling in various cells (22) (23) (24) . However, the inhibitory effects of FMn on PaH and their possible mechanisms are unclear.
Therefore, the objective of the present study was to explore the therapeutic effectiveness of FMn on McT-induced PaH and its effects on ECM deposition and perivascular inflammation in rats.
Materials and methods
Animals and reagents. in the present study 46 male Sprague-dawley rats weighing 230-250 g (7-weeks-old) were purchased from the experimental animal center of Zhejiang Province. The experimental procedure was approved by the ethics review of animal use application of the Fifth (25) , and the control rats were injected with the equivalent volume of fresh saline. according to a previous study, echocardiography suggests that PaH can be established after 2 weeks of McT injection, and right ventricular systolic pressure (rVSP) significantly increases (26) . Therefore, after 2 weeks of McT injections, all rats from these three FMn groups were intraperitoneally administered with the corresponding doses of FMn daily for 2 weeks.
Hemodynamic measurement. after 4 weeks of the single McT injections, including 2 FMn injections, all rats were weighed and then anesthetized with pentobarbital sodium (50 mg/kg). Subsequently, rVSP was measured as reported in our previous study (25) . in brief, after the rat was anesthetized, the right neck tissue was cut open and the right external jugular vein was isolated, then the venous catheter was inserted into the right ventricle from the right external jugular vein. Significant amplitude of right ventricular wave was observed, and rVSP was recorded using a miniature pressure transducer (cat. no. TSd104a; BioPac Systems, inc.) and analyzed using a BioPac MP100 data acquisition system (BioPac Systems, inc.).
Assessment of right heart hypertrophy. after measuring rVSP, the rats were sacrificed with pentobarbital sodium (150 mg/kg). Then, heart and lung tissues were removed. according to a previous study (27) , right ventricular hypertrophy can be given as the ratio of the right ventricle (rV) and the left ventricle plus septum (LV+S) mass. After the rat was sacrificed, the heart was separated and the atria were cut off, then the right ventricle was cut out along the edge of ventricular septum, leaving ventricular septum and left ventricle. rV and lV+S were weighed and the right ventricular hypertrophy index (rV/lV+S) was calculated (28) . Finally, the rV/lV+S and rV/body weight (BW) were used to assess the severity of right ventricular hypertrophy.
Morphological analysis. After removing superfluous tissues, the remaining lung tissues were fixed in 4% formalin at room temperature for 48 h and embedded in paraffin. Subsequently, all paraffin blocks were sectioned at 4-µm and stained with a Masson assay kit (Beijing Solarbio Science & Technology, co., ltd.; cat. no. G1345) or a H&e assay kit (Beijing Solarbio Science & Technology, co., ltd.; cat. no. G1120) according to the manufacturers' protocol. a total of 5 pulmonary arteries 50-150 µm in diameter were randomly selected to be viewed using a light microscope (nikon corporation; magnification, x400. The wall thickness was calculated according to the following equations: Vascular wall thickness percentage (WT%)=wall thickness/outer diameter x100; the percentage of vascular wall area (WA%)=wall transection area/cross-sectional area x100.
immunohistochemical staining was also used for morphological analysis. After dewaxing in 100% xylene (twice in total, 20 min each time) and rehydrating in a graded alcohol series (100% for 5 min, 95% for 5 min and 80% for 5 min), the lung tissues were blocked with 5% BSA at room temperature for 1 h, and incubated with anti-TGFβ1 antibody (1:200; cat. no. sc146), anti-MMP2 antibody (1:200; cat. no. ab86607) or anti-MMP9 antibody (1:200; cat. no. ab38898) at 4˚C overnight and subsequently with anti-rabbit (1:50; cat. no. 7074S) or anti-mouse (1:50; cat. no. 7076S) HrP-conjugated secondary antibody at room temperature for 1 h. Finally, the sections were visualized with 3,3'-daB at room temperature for 5 min and counterstained with hematoxylin at room temperature for 2 min, and observed using a light microscope (magnification, x400; nikon corporation).
Western blot analysis. lungs were homogenized with riPa lysis buffer containing protease (Beyotime institute of Biotechnology) and phosphatase inhibitors (cell Signaling Technology, inc.), and protein concentration was detected using a Bca kit. Total protein lysate (~50 µg) was separated by 10-12% SDS-PAGE and then was transferred onto PVdF membranes. all membranes were blocked with 5% BSA for 2 h at room temperature, then incubated with anti-TGFβ1 antibody (1:1,000; cat. no. sc146), anti-MMP2 antibody (1:1,000; cat. no. ab86607), anti-MMP9 antibody (1:1,000; cat. no. ab38898), anti-collagen i antibody (1:1,000; cat. no. ab34710), anti-collagen iii antibody (1:1,000; cat. no. ab7778), anti-Fn antibody (1:1,000; cat. no. ab6328), anti-McP1 antibody (1:2,000; cat. no. ab25124), anti-il-1β antibody (1:1,000; cat. no. ab9722), anti-TnFα antibody (1:1,000; cat. no. ab6671), anti-p-erK antibody (1:1,000; cat. no. 9101S), anti-erK antibody (1:1,000; cat. no. 9102S), anti-p-nF-κB antibody (1:2,000; cat. no. ab86299), anti-nF-κB antibody (1:1,000; cat. no. 8242S) or anti-GaPdH (1:1,000; cat. no. 5174S) at 4˚C overnight and anti-rabbit IgG HRP-conjugated antibody (1:1,000; cat. no. 7074S) or anti-mouse igG HrP-conjugated antibody (1:1,000; cat. no. 7076S) at room temperature for 1 h. Finally, the immunoreactive bands were visualized with ecl reagents (Beyotime institute of Biotechnology) in alphaView software 3.3.0 (ProteinSimple).
Statistical analysis. all experiments were repeated three times. one-way anoVa and Student-newman-Keuls test were performed using GraphPad Prism 5 software (GraphPad Software, inc.) to analyze all data. The data are presented as the mean ± standard error of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of FMN on hemodynamics and right ventricular
hypertrophy. in the present study, PaH, rVSP, rV/lV+S and rV/BW were measured to assess the inhibitory roles FMn plays in PaH. as presented in Fig. 1a and B , McT administration clearly increased rVSP compared with the control; by contrast, the increase of rVSP following McT-treatment was significantly downregulated by the administration of high-dose FMn (60 mg/kg). as presented in Fig. 1c and d , RV/LV+S and RV/BW also significantly increased after MCT injection compared with the control, while two different doses of FMn (30 and 60 mg/kg) significantly ameliorated this increase, thereby decreasing right ventricular hypertrophy.
Effect of FMN on pulmonary vascular morphology. The thickness of pulmonary arterioles with a 50-150 µm diameter was measured. as shown in Fig. 2 , McT administration significantly enhanced WT and WA% in pulmonary arterioles compared with the control; however, medium-dose and high-dose FMn treatments significantly reversed the MCT-induced WT and WA% increases.
Effect of FMN on TGFβ1 expression. as another key indicator for PaH, TGFβ1 was also measured by immunohistochemical staining and western blotting. The results demonstrated that TGFβ1 expression in lungs was significantly upregulated after McT injection compared with the control, but high-dose FMN administration significantly attenuated this change, and the expression level of TGFβ1 in various groups detected by western blotting was consistent with the immunohistochemical results ( Fig. 3) . Fig. 4 , the expression levels of MMP2 and MMP9 in lungs from the McT group were higher compared with the control group. However, high-dose FMn reversed these increases ( Fig. 4a and B) . The results from western blotting were consistent with those from immunohistochemical staining, demonstrating that McT significantly upregulated the expression levels of MMPs in lungs, while the increases of MMPs were significantly alleviated by high-dose FMn administration ( Fig. 4c-e ).
Effects of FMN on the expression of MMPs. as shown in
Effect of FMN on ECM deposition.
Masson staining demonstrated that high-dose FMn administration decreased the amount of dense focal collagen deposition increased by McT (Fig. 5a ). To evaluate the effect of FMn on ecM accumulation, the levels of biomarkers for ecM in lungs were measured. as western blotting demonstrated, the expression levels of collagen type i, collagen type iii and fibronectin in the lungs from the McT group were significantly higher compared with the control group (Fig. 5B and c) . By contrast, high-dose FMn administration significantly attenuated the increases of these ECM biomarkers.
Effect of FMN on perivascular inflammation. as the H&e staining demonstrated, there were evident perivascular inflammatory cell infiltrations in the lungs from MCT group. By contrast, FMN alleviated the MCT-induced inflammation with the increase of its concentration as demonstrated in Fig. 2a . The expression levels of several inflammatory cytokines were also determined. The results indicated that the expression levels of TnF-α, il-1β and McP-1 were significantly higher in the MCT group compared with the control group, but high-dose FMN administration significantly attenuated the increases of these inflammatory cytokines (Fig. 6 ).
Effects of FMN on ERK and NF-κB signaling pathways.
Western blotting was used to determine and calculate the ratio of p-erK and total erK. The results demonstrated that this ratio significantly increased in MCT group compared with the control group, while the increase was significantly attenuated by high-dose FMn administration ( Fig. 7a and B) . The ratio of p-nF-κB and total nF-κB was also determined. as revealed by western blotting, the ratio was significantly enhanced in the McT group compared with the control group, while high-dose FMn administration significantly attenuated the increase (Fig. 7c and d) .
Discussion
PaH is a fatal syndrome characterized by pulmonary vascular remodeling, excessive vasoconstriction and subsequent increased pulmonary artery pressure, and can cause right-sided heart failure. it is hypothesized that ecM deposition and chronic inflammation are the main factors causing pulmonary vascular remodeling (17) . FMn, a chinese herbal medicine, can be used for cardiovascular diseases (18) . The results of the present study demonstrated that intraperitoneal injection of FMn played an inhibitory role in McT-induced PaH in rats. in addition, the suppression of erK and nF-κB signaling may be associated with the mechanism of FMn treatment for McT-induced PaH.
it has been demonstrated that PaH in humans and animals is also characterized by adverse changes in pulmonary artery hemodynamics, including a sharp increase of right ventricular systolic pressure accompanied with right cardiac hypertrophy (29, 30) . The results of the present study demonstrated that McT-induced right ventricular hypertrophy was significantly alleviated with the increase of FMN concentration.
in addition, the progressive thickening of pulmonary vascular wall was also a histological characteristic of PAH (31). As previously described, WT and WA% can be used to evaluate the degree of vascular thickening and muscularization of pulmonary arterioles (32) . The present study identified that FMN alleviated the increased WT and WA% with the increase of its concentration. This finding confirmed that FMn could improve the McT-induced PaH. To better illustrate the possible action mechanism of the inhibitory effect of FMn on pulmonary vascular remodeling, the high-dose FMn (60 mg/kg) was used for the further experiments.
TGFβ1 is a crucial cytokine to modulate numerous cell responses, and increased TGFβ1 expression has been recognized as an unfavorable factor for PaH (33) . Previous studies have indicated that TGFβ1 was involved in ecM deposition and vascular inflammation by regulating a variety of signaling pathways (34, 35) . notably, the data from the present study indicated that FMn could suppress the increased TGFβ1 expression in McT-induced PaH.
Previous studies have demonstrated that McT-induced PaH is involved in ecM deposition of pulmonary arteries and pulmonary inflammation, in which collagen and fibronectin are significantly accumulated, thereby increasing the expression levels of MMPs and inflammatory cytokines (36) (37) (38) . The deposition of ecM is a vital change in the pulmonary artery reconstruction process, and is caused by the interaction between the synthesis of ecM components and proteolysis (11) . early clinical reports have indicated that PaH patients exhibit pulmonary artery ruptures and increase in MMP activity (39, 40) . High expression levels of MMP2 and MMP9 are found in lungs from McT-induced PaH rats (25) . in the present study, increases of MMP2 and MMP9 expression levels induced by McT were inhibited by FMn. correspondingly, the results from Masson staining and western blotting suggested that FMn reduced the McT-induced ecM accumulation. Certain inflammatory factors are considered important biomarkers for assessing the severity of PaH (41) . Thus, terminal vascular remodeling and PaH progression may be improved by suppressing inflammatory responses. In the present study, the MCT-induced perivascular inflammatory cell infiltrations in lungs were observed using H&E staining, and FMN alleviated these inflammatory changes. As demonstrated by western blotting, FMn suppressed the McT-induced inflammatory responses and may serve underlying therapeutic roles in inflammation-related diseases. Therefore, the present study indicated that FMn could block pulmonary vascular remodeling by suppressing the ecM deposition and chronic inflammation in lung tissues.
The precise action mechanism that leads to PaH remains to be elucidated, but previous studies have indicated that erK and nF-κB signals are closely related to the pathogenesis of PaH (42, 43) . erK is a main factor of the MaPK family, and its activity in animals with PaH is enhanced (43) . in addition, p-erK is increased in rat lungs exposed to McT, and the suppression of p-erK can prevent the pulmonary vascular remodeling associated with PaH formation (44) . notably, erK signaling has been demonstrated to coordinate ecM deposition and inflammatory responses (42, 44) . The results of the present study were consistent with these previous studies, demonstrating that p-erK was distinctly elevated in the rat lungs exposed to McT, and FMn administration markedly decreased the activated erK induced by McT.
The aforementioned results suggest that FMn can improve McT-induced PaH by restraining the erK signaling pathway mediated by pulmonary vascular remodeling, at least to a certain extent. Based on previous studies, nF-κB is a multi-functional transcription factor and can be activated in idiopathic PaH patients and McT-induced PaH rats (45, 46) . in addition, activated nF-κB can promote inflammation and ecM deposition, and participates in various pathophysiological and pathological activities (47, 48) . a recent study has indicated that right ventricular hypertrophy also has certain effects on activated nF-κB in McT-induced PaH rats (25) . correspondingly, the results from the present study indicated that MCT significantly enhanced the activated NF-κB in rat lungs, while FMN significantly suppressed this activation, which suggests another underlying action mechanism of FMn in the suppression of PaH.
Based on results from the present study, injection of McT induced the increase in TGFβ1, MMPs, ecM proteins and inflammatory cytokines, which leads to consideration of their intrinsic association. according to previous studies, TGFβ1 is closely related to MMPs and inflammatory factors, and the relationship between ecM and MMPs is also clear (49, 50) . Therefore, it was hypothesized that increased TGFβ1 stimulates the production of MMPs and inflammatory factors, and MMPs subsequently affect the synthesis and decomposition of ecM, and this process may be mediated by the erK and nF-κB signaling pathways (48, 49) . The present study suggested that FMn may play a protective role in McT-induced PaH based on the aforementioned hypothesis. in order to clarify this hypothesis, more cell experiments are required.
in conclusion, the present study demonstrated that FMn treatment could delay the McT-induced PaH progression in rats and alleviate pulmonary vascular remodeling and right ventricular hypertrophy. These positive effects of FMn may be associated with suppression of ecM deposition and inflammation, at least in part, and the suppression of ERK and nF-κB signaling.
